Real-time PCR was used to quantify populations of ammonia-oxidizing bacteria representing the ␤ subdivision of the class Proteobacteria in samples of arable soil, both nitrogen fertilized and unfertilized, from Mellby, Sweden. Primers and probes targeting a 16S ribosomal DNA region of the ammonia-oxidizing bacteria were designed and used. In the fertilized soil there were ϳ6.2 ؋ 10 7 ammonia-oxidizing bacteria per g of soil, three times more than the number of bacteria in the unfertilized soil. The lytic efficiency of bead beating in these soils was investigated by using populations of free or loosely attached bacteria, bacteria tightly bound to particles, and bacteria in nonfractionated samples. The shapes of the curves generated in these tests showed that the concentration of template DNA released at various times remained constant after 10 to 100 s of bead beating.
Quantification of microbial populations is important in many aspects of microbial ecology. The development of molecular biological methods involving PCR has led to new techniques that are not limited by the culturability of the microorganisms. Since it is known that only a small proportion of the bacteria in soils can be cultivated under standard laboratory conditions, the PCR-based quantification methods have found many applications. Three PCR-based methods, limiting-dilution PCR (27, 31) , kinetic PCR (3, 14) , and competitive PCR (10, 11, 23) , have been used for quantitative analysis of DNA having different origins. However, kinetic PCR and limitingdilution PCR often have the disadvantage of relying on endpoint measurements of the amount of DNA produced, which makes it difficult to deduce the initial concentration of template DNA. In competitive PCR it may be difficult to achieve the same affinity of the primers for the target and competitive molecules, which complicates quantification. A modified PCR technique, real-time PCR (13) , measures the DNA concentration continuously during amplification, which enables the initial template concentration to be determined and the cell numbers to be more accurately deduced without the use of a competing molecule.
Quantification of ammonia-oxidizing bacteria (AOB), which are responsible for the oxidation of ammonia to nitrite in the nitrification process, has been attempted by using several different methods. These include the most-probable-number technique (6, 7, 19) , in situ hybridization (29) , a competitive enzyme-linked immunosorbent assay using monoclonal antibodies (28) , and competitive PCR (17, 26, 30) based on traditional methods of amplification. However, all of these methods have significant disadvantages. Thus, a reliable and reproducible method for quantifying AOB would be valuable for evaluating correlations between microbial activities and cell numbers, the effects of different treatments on cell density, and population changes in time and space. Determination of DNA concentrations with real-time PCR overcomes some of the problems associated with traditional PCR. The real-time PCR technique is based on continuously monitoring fluorescence throughout the reaction. This is made possible by adding a dually labeled fluorescent probe that hybridizes to the template in each cycle. The fluorescent emission from one of the dyes, the reporter, is quenched by the emission from the other dye. Cleavage of the probe, mediated by the 5Ј-to-3Ј nuclease activity of the polymerase which acts only on template-annealed probes, increases the emission from the reporter dye. Quantification of DNA by real-time PCR is based on measurements obtained during the early exponential phase, when amplification of the PCR product is first detected and the amount of the amplified product is proportional to the concentration of the template DNA (13) .
In the present study we used real-time quantitative PCR to evaluate the efficiency of lysing AOB by bead beating as the initial step for extracting the DNA of these organisms from arable soil samples. The numbers of AOB were studied in two bacterial fractions and compared to the numbers in nonfractionated soil samples in order to investigate the influence of adherence to soil particles on lysability and cell density. Furthermore, the numbers of cells in both nitrogen-fertilized soil and unfertilized soil were studied in order to investigate the effect of fertilization on the density of AOB in the soil. The soils which we chose were sandy loams with good oxygen diffusion, which was assumed to promote nitrifying activity. Thus, both of the soils investigated should have been favorable environments for nitrification, but they were likely to differ in the availability of substrates for AOB.
The fertilized and unfertilized soil samples were collected in August 1999 in Mellby, Sweden (Table 1) . Multiple (15 to 20) samples were randomly collected from each plot (40 by 40 m) at depths of 0 to 30 cm and subsequently pooled to give composite samples and thoroughly mixed by sieving (grid size, 6.3 mm). Two 10-ml mixed soil samples (0.3 g [dry weight] per ml of TE buffer [10 mM Tris-HCl, 1 mM EDTA; pH 7.5]) were kept on ice while they were homogenized with a hand-held blender (DIAX 900; Homogenizer tool G6; Heidolph, Kelheim, Germany) for 5 min. Density gradient centrifugation was performed by the method described by Bakken and Lindahl (4) . Twelve milliliters of Nycodenz (0.8 g ml of TE buffer Ϫ1 ; Nycomed Pharma A/S, Oslo, Norway) was placed under 20 ml of each homogenized soil suspension, and the samples were subsequently centrifuged at 2,000 ϫ g (swing-out rotor) for 2 h. Two fractions were collected: the visible band, just above the Nycodenz, containing the free or loosely attached (FLA) bacterial fraction and the pellet containing the tightly bound (TB) bacterial fraction. After the two separated fractions were washed twice in TE buffer, subsamples of the FLA fraction, the TB fraction, and nonfractionated samples were shaken in a mini bead beater (BioSpec Products, Inc., Bartlesville, Okla.) at 5,000 rpm for various times. DNA was extracted with a FastDNA SPIN kit for soil (Bio 101, Inc., La Jolla, Calif.); 1 g of 0.1-mm-diameter glass beads (BioSpec Products) was used per sample. No MT buffer (supplied with the FastDNA SPIN kit) was added to the samples that were not bead beaten (the time-zero samples). To optimize the concentrations of AOBspecific primers and probes and to construct standard curves, DNA extractions were performed (QIAamp tissue kit; QIA-GEN GmbH, Hilden, Germany) with four pure cultures of AOB grown in liquid medium (8, 21) .
For quantification of AOB by real-time PCR, amplification was performed in 25-l reaction mixtures by using buffers supplied with a TaqMan Universal PCR Master Mix kit (PE Applied Biosystems, Foster City, Calif.) in MicroAmp Optical 96-well reaction plates with optical caps (PE Applied Biosystems). The template DNA in the reaction mixtures was amplified and monitored with an ABI Prism SDS 7700 instrument (PE Applied Biosystems). The primers, probes, and concentrations used are listed in Table 2 . Primers CTO 189fA/B and CTO 189fC were used at a 2:1 ratio. Linearized plasmid pUC18 (24) , together with RT2f, RT2r, and TMP2 (Table 2) , was used as an internal control (0.7 pg of pUC18 DNA per reaction mixture) in each well containing an environmental sample to correct for possible interference from contaminating substances (e.g., humic substances) in the DNA samples extracted from the soil. The conditions used for the amplifying reactions were as follows: 2 min at 50°C and 10 min at 95°C, followed by 40 cycles of 15 s at 95°C and 1 min at 60°C. The lowest dilution of the DNA extracts from the TB fractions and the nonfractionated samples that gave real-time PCR products of both AOB DNA and internal standard DNA was 1:1,000. No dilution of the DNA extracts from the FLA bacterial fractions was necessary.
The AOB-specific PCR primers were selected to amplify a 116-bp DNA fragment in the V2 region (12) of the 16S ribosomal DNA. The concentrations of the primers and probes (Table 2) were empirically optimized in order to minimize the C t values (i.e., the threshold cycles in which exponential amplification of PCR products was first detected). The C t values were determined on the basis of the mean baseline signals during the early cycles of amplification. In this way the two amplifications (i.e., DNA amplification of the AOB and DNA amplification of the internal standard) were both optimized to achieve an amplification efficiency close to one (i.e., doubling of the amplification product in each cycle). The amplification efficiencies were determined by serial dilution of AOB DNA extracted from the pure cultures and pUC18 DNA, followed by real-time PCR.
The use of a standard curve based on known concentrations of DNA makes it theoretically possible to quantify DNA from any source. In this case, standard curves constructed after real-time PCR amplification of eight different DNA concentrations ranging from 0.6 pg to 10 ng of DNA/well were used. DNA extracted from Nitrosomonas europaea NCIMB 11850, Nitrosospira sp. strain B6 (15) R 2 values were greater than 0.99 for all of the curves. The similarity of the slopes confirms that primers CTO 189fA/B, CTO 189fC, and RT1r and probe TMP1 are well suited for amplification of different groups of AOB with real-time PCR. Furthermore, the similarity indicates that the 16S rRNA gene is an appropriate target molecule for this application. Quantification of AOB DNA extracted from the two types of soil (the nonfractionated samples and the FLA and TB bacterial fractions), assumed to contain a mixed flora of AOB, was based on a mean slope value (Ϫ3.58 Ϯ 0.04 ⌬C t ng of DNA Ϫ1 ) derived from the four standard curves.
The effect of the duration of bead beating on the efficiency of AOB DNA extraction was studied by varying the beadbeating times between 0 and 300 s and measuring the DNA released. The majority of the DNA extracted from soil samples subjected to beat beating for 300 s was shown to be between 1,000 and 5,000 bp long (results not shown). Therefore, fragmentation of the DNA due to excessive bead beating was unlikely to bias the real-time PCR results, since the length of the amplicon is only 116 bp. Since we expected the curve estimated from the initial amount of DNA released during the bead-beating time course to be similar to that of a microbial growthlike function, we used a nonlinear regression, y ϭ aa/ [1 ϩ bb ϫ exp(cc ϫ x)] (where a, b, and c are constants estimated for each function), and the least-squares method for estimation (Fig. 1) . The software STATISTICA (version 5.5; StatSoft Inc., Tulsa, Okla.) was used for the analysis. Since soil contains numerous microniches, the scattering of the data can be explained by the heterogeneity in the samples. Furthermore, the soil samples used in this study were composite samples, which added to the heterogeneity.
After the results were assessed, the bead-beating duration was standardized to 100 s in further analyses. The shapes of the DNA release time curves were similar for the nonfractionated samples and the TB bacterial fractions from both soil types (Fig. 1) . A plateau was reached between 10 and 100 s, which indicated the times at which the majority of the lysable cells had been disrupted. The cells in the FLA bacterial fractions were probably lysed instantly, explaining the low R 2 values for these curves (Fig. 1c and f) . If the extremely high value in Fig.  1c is regarded as an outlier, the curves in Fig. 1c and f have similar shapes. For the unfertilized soil, bead beating for 30 s was sufficient for optimal lysis of the AOB in the nonfractionated sample and the bacterial fraction tightly bound to soil particles. Longer bead beating was required to reach the plateau phase for the nonfractionated sample and the TB fraction derived from the fertilized soil than for corresponding fractions from the unfertilized soil. This may have been because there were differences in the AOB populations in the two soils and/or because the cell density was greater in the fertilized soil. However, since the DNA released in these experiments was not impaired by longer-than-necessary bead beating, the same duration (100 s, the time required to ensure that nearly all lysable cells had released their DNA) was used for all samples in further analyses. Furthermore, none of the curves started from zero, indicating that there were small amounts of free AOB DNA in the samples even before the bead beating. This could have been due to lysis during storage of the soils, homogenization, and density gradient centrifugation of the samples and/or to spontaneous lysis.
The estimates of bacterial cell numbers were based on the following assumptions: that the genome size is 3 Mb (32); that there are approximately 1.3 genomes/cell; and that all AOB have only one rrn operon per genome, as shown for all the strains studied so far (2) . An analysis of variance (STATIS-TICA) was performed with the estimated cell numbers. Quantification of the AOB in the unfertilized soil gave a significantly different population size for the FLA fraction (1. ). The amounts of AOB in the two soils (nonfractionated samples) suggested there were two to three times as many bacteria in the fertilized soil as in the unfertilized soil, a difference also valid for the bacterial fractions measured separately. These results corroborate earlier findings (6) suggesting that increasing the amount of substrate by nitrogen fertilization increases the number of AOB in the soil. The lower percentage of AOB in the TB fraction of the fertilized soil than in the unfertilized soil probably reflects the fact that newly grown AOB in substrate-rich environments are less strongly attached to particles (1) .
The numbers of AOB found in the two soils in this study are 1 or 2 orders of magnitude higher than the numbers found in most previous studies of arable soils (6, 20, 23) . Comparisons should be treated with caution since the earlier studies involved soils from different sites with variable characteristics and different methods were used. However, Mendum et al. (23) performed competitive PCR by using sequences of both the amoA gene and the 16S rRNA gene, and the numbers of 16S rRNA gene copies in fertilized soil that they found are on the same order of magnitude as the numbers which we found in our study. AOB have been shown to possess only one rRNA gene copy per genome (2), which makes using the 16S rRNA gene more valid for quantification of AOB than for quantification of most other organisms, which often have variable numbers of rrn operons per genome, which biases quantification (9) . The amoA gene has been found only in organisms capable of ammonia oxidation, but more than one copy may be present in each genome and the gene copy numbers in different AOB species may be different (16, 22, 25) . If a selective set of primers directed against the amoA gene is used, the amplification reaction is very specific, but quantification is uncertain since the exact number of gene copies per genome is unknown.
To our knowledge, this study demonstrates for the first time the potential of the real-time PCR technique for quantifying AOB in soil. The assay is a fast and reliable method, and we assume that it has great potential for quantification of bacteria in other types of soil. The number of AOB in certain environments is relatively low (ϳ10 4 to 10 6 cells g of soil Ϫ1 ), making real-time PCR, which is highly sensitive, a convenient method for enumeration of these organisms. Furthermore, the rapidity of real-time PCR and its capacity to handle high sample throughput make it less time-consuming and more convenient than other quantitative PCR methods. Real-time PCR can also be used to determine a broad range of starting molecule template concentrations spanning at least 5 orders of magnitude (13) . Thus, it is also suitable for quantifying soil bacteria with population dynamics radically different than those of AOB.
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